A Light for Science

Status and Future of Storage Ring Based
Hard X-ray Sources

H. Reichert

turopean Synchrotron Radiation fFacility



A Light for Science

TIHE ELECTROMAGNET

WAVILENGTH

[in matars)

1 ! | | T
10 10° 10'° 100" 1012

RADIO WAVES A ULTRAVIOLET “HARD* X RAYS
NAME F-——N

VisiBee '
MICROWAYIS "SOFI™ X RAYS GAMMA RAYS
ACCELERATOR-
BASED LIGHT

SOURCES

TERAMERTZ “HARD™ X RAYS

2y = ¢0 | &%

Lighs 8.l X Ray Clenants
Oven People uv Lamg Mochne
FREQUENCY

iOq ‘01-3 ‘011 ‘OI? ;013 lol? ‘OI’J ]OZ‘Q
ENERGY OF
ONE PPQOTQN

turopean Synchrotron Radiation fFacility



A Light for Science

Why are Synchrotron X-rays useful for studying Materials?

>

>

EM radiation produced by accelerating relativistic electrons or positrons,
covers about 8 orders of magnitude of the EM spectrum

Very intense and Highly polarised

Wavelength (A) ~ Inter-atomic distances _
Diffraction — structures with atomic resolution
Energy (keV) >> phonon and electron energies
Inelastic scattering and — phonon and electron dynamics
spectroscopy

Absorption/Scattering

Power varies — element specific information
strongly with energy

SR is electro-magnetic — magnetic information/structures
radiation

Pulsed source — time resolution
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Brilliance of the X-ray beams
({ photons /s f mm= / rnrm:lz.i' 0.1% BW )

Synchrotron radiation is a
universal tool,

a SWISS army knife for ESRF futur

studying materials e

ESRF (1994)

Diffraction limit =

2"%ge neration
sources

Brilliance

1*' generation o«

sources

The success of the ESRF triggered
the development of many 3rd
generation synchrotron radiation

sources around the world
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Synchrotrons around the world

[Location

[Institution

|Eurupe

[Denmark:

|France:

| IS4 (Aarbius),
| LURE (Qrsay], Soleil (Qrsay),

Germany:

AMES (Karlsruhel, BESSY (Berling, DELTA
(Dortrmund], ELSE (Bonnd, HASYLAR (Hamburg),

|Ital',r:

Elettra (Trieste].

|5pain:

ALBSA (Barcelonal,

[Sweden:

[Switzerland:

SLS (PSI villigen).

[United Kingdom:

|
|
| A (Lund).
|
|

Diarnond (Didoot), SRS (Dareshury),

[Americas

[Brazil:

| LILS (Campinas SP.

[canada:

| ZLS (Saskatoon).

USA:

ALS (Berkelay CA), APS (Argonne IL), CAMD
(Baton Rouge L&), DEELL (Dwrhiam MNC, CHESS
(Ithaca MY, MSLS (Lptan By, SREC (Madison
WY, SSEL (Stanford CA), SURF II (Gaithersburg
MO,

lasia

[China (PR):

| BSREF (Beijing).

[India:

| IMDUS 1 and 2 (Indore),

Japan:

Photon Factory (Tsukuba), SPring-2 (Mishi

Harima).

[Russia:

SSEC (BIMPY (NMovosibirsk),

[South Korea:

[Taiwan:

| Fohang &ccelerator Lab (Pohanagl.
| SERC (Hsinchu).

[Australia

[Australia:

| Australian Synchrotron (Melbourne],
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International Context

SR Sources ‘
Courtesy of APSTAT

« Worldwide: 45 SR/FEL facilities (2008 LBNL/ALS pocket diary)
* New sources: China, Germany, Spain, Sweden, USA..
 The 4 large rings: APS (USA), ESRF (Europe), PETRAIII (G), SPring-8 (J)
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Spring-8 (8GEV), Harima, Japan

® BL23SU JAEA Actinide Science (Japan Atomic Energy Agency) ) JAEA Quantum Structural Science (Japan Atemic Energy Agency) BL22XU @
® BL24XU Hyogo ID (Hyogo Prefecture) Medical and Imaging | BL20B2
+ BL25SU Soft X-ray Spectroscopy of Solid . Medical and Imaging 11 BL20XU *
# BL26B1 RIKEN Structural Genomics | Engineering Science Research | BL19B2
4 BL26B2 RIKEN Structural Genomics 11 RIKEN SR Physics BL19LXU 4

% BL27SU Soft X-ray Photochemistry RIKEN Coherent Soft X-ray Spectroscopy BL17SU &
O BL28XU Advanced Basic Science for Battery Innovation (ABSEI] \ Sunb BM BL16B2 @
- | unbeam

(Kyota University)
{Industrial Consartium)

“ BL28B2 White Beam X-ray Diffraction |
# BL29XU RIKEN Coherent X-tay Optics \ Sunbeam ID BLiexy b
O BL3ALEP Laser-Electron Photon 11 ‘ pa
Tieseard Center To  Prsics Taska Universiy™ WEBRAM BL15XU @
{Research Genter for Tuckear Physics, Jsska Universiy)™, {National Institute for Materials Science)

¢ BL32XU RIKEN Targeted Proteins . I". i _. _Engineering Science Research Il BL14B2 *

2 \
NN
SPrin Ll
® BL32B2 Pharmaceutical Industr 9 8 13\ JAEA Materials Science BL14B1 @
( i} 174
."‘
Y

{Pharmaceutical Consortium for Profein Structure Analysis)
{Japan Atomic Energy Agency)

® TOYQOTA
BL33XU Surface and Interface Structures BL13XU %

(TOYOTA Central R&D Labs., Inc.) P
® BL33LEP Laser-Electron Photon .~

. y NSRRC EM BL12B2 @
x {Resaearch Canter for Nuclear Physics, Osaka l|5 versiy) Beamllne Map 15", ’; (National Synchrotron Radiation Research Center)
BL35XU High Resolution Inelastic Scattering / 14|/ NSRRC ID BL12XU @
O BL36XU Catalytic Reaction Dynamics for Fuel Cells / Total number of beamlines : 62 13|:'-j}"' (National Synchrotron Radiation Research Center)
{The Uriversity of Electro-Communications} + Insertion Device (6 m)  : 34 ( —=mm) 12‘]}'; JAEA Quantum Dynamics BL11XU @
% BL37XU Trace Element Analysis + Long Straight Sec. (30 m) : 4 ( ——) 11#' (Japan Atomic Energy Agency)
¥ BL38B1 Structural Biology 111 + Bending Magnet 24 ( —=1) w‘:y""' High Pressure Research BL10XU %
W BL38B2 Accelerator Beam Diagnosis N 5,9- Nuclear Resonant Scattering BLO9XU
“ BL39XU Magnetic Materials Véﬁ'.\ . Hyogo BM (Hyogo Prefecture) BLOSBB2 @
Y% BL40XU High Flux e+ _High Energy Inelastic Scattering BLOBW %

I’-Urwe’sﬂy-of-Tokyo Synchrotron Radiation Outstation BLO7LSU @
(The University of Tokyo)

___ Accelerator Beam Diagnosis BLO5SS B

_ High Energy X-ray Diffraction BLO4B2

e BLotBT 4] ~60 beamlines

Advanced Softmaterial BLO3XU @
(Advanced Softmaterial Beamline Consortium)

~. Powder Diffraction BL02B2 ¥

.Single Crystal Structure Analysis BLO2B1 % aC ro S S

XAFS BLO1B1 %

Y BL40B2 Structural Biology 11
Y BL41XU Structural Biology | )
“ BL43IR Infrared Materials Science L
> BL43LXU RIKEN Quantum NanoDynamics -~

® BL44XU Macromolecular Assemblies
(Institute for Protein Research, Osaka University)

# BL44B2 RIKEN Materials Science
# BL45XU RIKEN Structural Biclogy |
% BL46XU Engineering Science Research ]]]_,/1
“ BL47XU HXPES-MCT

BL: Beamline IR: Infrared Radiation ' Public Beamlines ™ al I fi e I dS Of SCi e n Ce

B1, B2: Bending Magnets LEP: Laser-Electron Photon * ’
XU: X-ray Undulator LXU: Long-length X-ray Undulator @ : Contract Beamlines
SU: Soft X-ray Undulator LSU: Long-length Soft X-ray Undulator & ;. RIKEN Beamlines
W: Wiggler S8: Straight Section _m : Accelerator Diagnostics Beamlines |
WEBRAM: Wide Energy Range Beamline for Research <%= O ¢ O : Planned or Under Construction

in Advanced Materials

NSRRC: National Synchrotron Radiation Research Center, Taiwan August 9, 2010
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Perspectives for
Storage Ring Based Sorces

- new sources (NSLS Il - BNL, TPS — Taiwan, MAX IV — Lund )
- more beamlines (PETRA Ill, ALBA, Soleil, DLS, SSRF)

- upgrade of existing sources (ESRF, APS,....)
reduction of emittance
Improved sources (cryo-, sc undulators)
smaller x-ray beams (new optics)
higher efficiency (new detectors)
sophisticated sample environments
combination of technigues
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Improvement of time resolution beyond the ps time scale
(bunch length) by laser slicing (low energy rings)

A. A. Zholents, M. S. Zoloterev, PRL 76 (1996), 912.

e
@ »V’ggléf Beam/ Y
e  Mirror “
ynchrotron
MBend . Radiation
agne ALS
Femtosecond Femtosecond Femtosecond
Laser Pulse Electron Bunch Sychrotron Radiation BESSY
i h Y e
"’x\tx[_ T ey > ‘ SLS
- | - -
— .
D
30-ps Electron S :.l
Bunch » \ﬁ] A .
% \i\‘\@\e‘
Electron-Photon Spatial Separation Bend-Magnet
interaction in Wiggler Dispersive Bend Beamline
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Improvement of time resolution beyond the ps time scale
(bunch length) by crab cavities (high energy rings)

Unduhtor APS
IIIIIIIHIII
/ \ . (upgrade)
Deflecting []]Dmmmm Deflecting
cavity cavity

RF deflection undulator \
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Reduction of horizontal emittance by damping wigglers

’-,- -

/ & ¢ | ! . i
’ ,/ — ‘- P = :

— e
ST e T =, R
PETRA Il i o T T T |
b o s L i b - ‘/\\' ;
o R T e ' e :
R | e S R o g
! .
{ ’

damping wigglers e

4

Damping wigglers

Wiggler period 20 cm
Max. field 15T
Kmax 35
Wiggler length 4m
length of DW section 40 m
Critical energy 37 keV

Flux density (one DW) 2.8:10'° ph/s/mrad?/0.1%BW
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Reduction of vertical emittance by optimizing
storage ring parameters

25 pm
5 pm (today)
2-3 pm (2012)

—
[
= X--20
]
|

—_—

=
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T

6F | ESRF
4F | Emittance horniz. and vert.: 4 nm & 5 pm
i 2010; 200 mA 4 m U23 on D27

Brilliance [Phot/s/. 1%/mr/mm?]

2k
e Fpture: 300 mA in-vac. und.
i i i i M l- i i 1 i :5. i i s
0 % 7 39 2 304 5 6 7809
10 keV 100 ke

Photon energy
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Focusing optics
MLL lenses

KB optics

goal: stable focused beams down to ~1 nm
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Nanofocusing with Diamond Lenses

5004 | + fluorescence
— fit
— focus

400

300 =

200 =

100 =

Intensity of the gold fluorescence radiat

101 102 103 104 105

SEM  ENT-1000KV SgnalA-SE  TiAmgle #50° WD~ Gmm  Date s Feb 2009 horizontal position [ym]

m*
P S — FIB Lock Mags = No FIB Probe = 5 pA System Vacuum = 7.88¢.005 mBar
L L AL A T AT A

-beam lithography & Deep RIE Tests of 2009 generation of C lenses

Lens production:
Fraunhofer IAF and
Diamond Materials.

Long Term Collaboration with
TU-Dresden, C. Schroer et al.
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E%x%_ PETRA Il A light for Science

* rebuild of 1/8 of the 2304m circumference key parameters:

 refurbishment of 7/8 of the storage ring - particle energy: 6GeV

 refurbishment of pre-accelerator chain - current: 100mA (200mA)
(also used by DORIS lII) - horizontal emittance: 1 nmrad

« construction of a 300m long new experimental hall - No. of undulators: 14 (incl. canted)

* installation of 80m of damping wigglers - undulator lengths: 2-10(20) m

* top up operation mode - no bending magnet beamlines
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I'I-l'l'l'l'l'l'l lllllllll llllll'l'l'l llllll'l'l'l llllll'l'll T 1

=419 PETRA Ill - S 2L | PETRAIII i
= 10 ESRF|iD16 -= m 10 ESRF 722 =10
< 10°F UE65 _— - X /‘J/_—\\ T
i .| BESSYI ANKA S 10" F = 'D““\.\;\
© 16 | [ | b —
e 10 T v\_\ I o 10"
= 107 B Bk I -
> 10" N\ | % 10
e 13 3 : B
o 10 N\e
e 12 \ \ % 1013
5 10 , \\ . — ~ou— DORISII
1011 1 Il I\IM § m 1011 ml 1 llllﬂ 1 IIIM‘ a1 Ild A
10" 10° 10° 10 10° 10" 10° 10° 10° 10°

Photon Energy [eV] Photon Energy [eV]
Photon beam parameters at 12keV:

Be ID-length | coherent flux:
- 12keV (B(M2)2)
] [m] - 1x10% ph/s/0.01%BW
low-G 5 m 1.3 5
high-75m | 20 i

Horizontal B-function of each straight section can be selected individually
and is changeable ( B,= 1.3m or B, = 20m)
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NSLS ” A Light for Science

Ultra-low emittance storage ring to replace NSLS
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NSLS-Il Design Features

Design Parameters
* 3 GeV, 500 mA, top-off injection
* Circumference 791.5 m

» 30 cell, Double Bend Achromat
* 15 high-p straights (9.3 m)
15 low-f straights (6.6 m)
Novel design features:
- Damping wigglers
 Soft bend magnets
* Three pole wigglers
 Large gap IR dipoles
Ultra-low emittance
° &, & = 0.6,0.008 nm-rad
- Diffraction limited in vertical at 12 keV
« Small beam size: 5, = 2.9 um, o, = 33 um, ¢’, = 2.7 prad, ¢’, = 16
urad
Pulse Length (rms) ~ 15 psec
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Spectral Brightness of NSLS-Il Sources

10

1 T T T 1] e R R I llllli;
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| CPMU17: A= 17mm, K . =167, L=3m(low-3)

max

10 - 'EPU49 APPLE-IT Undulator SCU14: 2~ 14 mm, Km ~22.L-2m (1ov~ [3)
T AT 49 mm, L =4 m (low-B) 77— — .; = T
10 Kmax Im_ 4.34, Kmax cm:_ 3.69

|ISCW(60)
- Supercond. Wiggler
=B~3.5 T, A,~60 mm

K~19.6, £~21 keV

- U(IOO) PMU
YAy~ 100 mm
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1TK.. . ~92 o
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.
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BT RIS B B s DW9O Dampmg nggler j
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B=04T, 8—24kerjjjjj
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Shortest detector exposure time .
spatial resolution 1-2um S
® spatial resolution 10-20pm T
10 000 ':\" - 8

b ‘\[ \I§
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A. Rack et al., JSR 16 (2009)
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Combination of techniques

Time-resolved X-ray diffraction and diffuse
reflectance infrared spectroscopy to study CO
dissociation and transient carbon storage by
supported Pd nanoparticles during CO/NO
cycling

(XRD —EXAFS — DRIFTS — MS)

M.A. Newton, JACS 132, 4540 (2010)
A. Kubacka et al. J. Catal. 270, 275 (2010)
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a) b) wo, | DRIFTS  Dispersive EXAFS
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Supported Pd nanoparticles (2wt%Pd/Al,O)
during CO/NO cycling at 673 K (10 cycles)
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